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Abstract 
The quantum Hall effect (QHE) is traditionally considered a purely two-dimensional (2D) 
phenomenon.  Recently, a three-dimensional (3D) version of the QHE has been reported 
in the Dirac semimetal ZrTe5. It was proposed to arise from a magnetic-field-driven Fermi 
surface instability, transforming the original 3D electron system into a stack of 2D sheets. 
Here, we report thermodynamic, thermoelectric and charge transport measurements on 
ZrTe5 in the quantum Hall regime. The measured thermodynamic properties: 
magnetization and ultrasound propagation, show no signatures of a Fermi surface 
instability, consistent with in-field single crystal X-ray diffraction.  Instead, a direct 
comparison of the experimental data with linear response calculations based on an 
effective 3D Dirac Hamiltonian suggests that the quasi-quantization of the observed Hall 
response is an intrinsic property of the 3D electronic structure. Our findings render the 
Hall effect in ZrTe5 a truly 3D counterpart of the QHE in 2D systems.  
 
Main text 
Electrons subjected to a magnetic field B, are forced to move on curved orbits with a discrete 
set of energy eigenvalues - the Landau levels (LLs). By increasing B, the LLs shift and cross 
the Fermi level EF one after the other, leading to quantum oscillations in transport and 
thermodynamic quantities.1 At sufficiently large magnetic field, where only a few LLs are 
occupied, 2D electron systems (2DESs) enter the quantum Hall regime2–5. This regime is 
characterized by a fully gapped electronic spectrum in the bulk and current-carrying gapless 
edge states, leading to quantization of the Hall conductance Gxy = νe2/h, where ν is the Landau 
level filling factor, e is the elementary charge, and h is Planck's constant. The situation is 
different in three dimensions. Instead of fully gapping the bulk of the 3D electron gas, high 
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magnetic fields confine the electron motion in the plane perpendicular to the magnetic field yet 
allowing them to freely move along the field, making the electron motion one-dimensional. 
Hence, current flow is still allowed in the direction parallel to B, preventing the quantization of 
Gxy. However, it is predicted that a 3D version of the QHE could occur in semi-metals and 
doped semiconductors,6–9 in which the application of a magnetic field would lead to a Fermi 
surface instability, causing a periodic modulation of the electron density in the direction of B. 
Such modulation can effectively be thought of as a stack of 2DESs, each layer being in the 
quantum Hall regime. The signature of such a 3D quantum Hall system is that the Hall 
conductivity exhibits plateaus of xy = νe2/h·Gz/2 that are accompanied by minima in the 
longitudinal electrical conductivity xx.6,10 Gz being the reciprocal lattice vector of the 
modulation along B. 
Recently, a quantized Hall response has been observed in the prototypical 3D Dirac-
semimetal11–14 materials ZrTe5
15 and HfTe5.
10,16 Particularly, xy has been found to exhibit 
plateaus with height close νe2/h·kF,b/ for the magnetic field aligned with the crystal’s b-axis, 
where kF,b is the Fermi wave vector along the crystal b-axis at zero magnetic field. The observed 
scaling of the plateaus with kF,b/ has been interpreted as pointing towards  a correlation-driven 
origin of the Hall effect. It was suggested15 that the applied magnetic field leads to a Fermi 
surface instability and formation of a charge density wave (CDW) with a wavelength of λz = 
kF,b along the magnetic field. In a CDW the density of the electrons and the position of the 
lattice atoms are periodically modulated with a wavelength, usually much larger than the 
original lattice constant.17 Typically, due to the almost perfect nesting of the Fermi surface, 
CDWs are the energetically preferred ground state of interacting quasi-one-dimensional 
conductors.17 In 3D systems, the dimensional reduction of the energy spectrum in high magnetic 
fields, in principle supports such a scenario in with each CDW modulation ‘layer’ supposedly 
contributes the conductance of one 2D quantum Hall system to the Hall conductivity.  
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Experimentally a CDW transition typically manifests as an abrupt increase of electrical 
resistance due to the gapping of the Fermi surface and non-ohmic transport characteristics.17 
However, a CDW ground state cannot be identified by transport measurements alone, as such 
features also exist in materials without a CDW transition.18–22 It is thus desirable to go beyond 
these observations. Both gapping of the Fermi surface and emergence of a periodic charge 
modulation should clearly manifest in thermodynamic and structural properties.1 One way to 
probe the gapping of the Fermi surfaces in non-magnetic materials is the measurement of 
magnetization: the total magnetization of the Fermi sea is expected to be proportional to the 
density of states at the Fermi level. Thus, field-induced gapping of the FS is accompanied by 
an abrupt drop in the magnetization. In addition, the emergent periodic charge modulation 
typically leads to the change of the phonon spectrum, both of which can be directly seen in X-
ray diffraction25,26 and ultrasound propagation measurements23,24. 
 In our study, we have used similar ZrTe5 samples as those studied in Ref.
15, grown by 
tellurium flux method. In total, we have investigated 15 samples from which we exemplarily 
show data of Sample A, B, C, D, E, and F, all showing consistent results (Supplementary Table 
S1). Upon cooling at B = 0 T, xx increases with decreasing temperature T until reaching a 
maximum at TL = 90 K (Fig.1a, Supplementary Fig. S1 and Ref.
15). This maximum has been 
previously observed in ZrTe5 and attributed to a Lifshitz transition and a change of charge-
carrier type.27 Consistently, the sign of the zero-field Seebeck coefficient Sxx changes sign at 
TL,
12,28 indicating electron-type transport for T < TL and hole-type transport above. The 
magneto-transport measurement configuration is sketched in Fig. 1b. Analysis of quantum 
oscillations in the B-dependent Sxx (Fig. 1c-e and Supplementary Fig. S3), xx (Supplementary 
Fig. S4, Supplementary Fig. S7 and Ref.15) and thermodynamic quantities (Supplementary Fig. 
S5) with B applied along the a, b and c crystallographic axis and in various angles in between 
them confirm that all samples host only a single ellipse-shaped 3D electron pocket at EF (Fig. 
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1 f-h and Supplementary Fig. S13). Consistent with previous studies, the quantum limit, where 
only one last LL is occupied is reached at magnetic fields as low as BQL = 1.8 T for the magnetic 
field applied along the b-axis. Importantly, all studied samples consistently show signatures of 
the 3D QHE as reported in Ref. 15 For B aligned with the b-axis (see for example Fig. 1i), we 
observe pronounced plateaus in xy(B) that appear at the minima of the SdH oscillations in 
xx(B), with height of the plateaus close to 1/v (h/e2) kF,b. Although xx does not vanish in all 
samples it remains always much smaller than xy(B) at low temperatures and thus conductivity 
tensor xy = xy/(xx2+ xy2) reduces to xy ≈ 1/xy,  enabling  the  observation of the quantization 
in ρxy. 
To test the hypothesis of field-induced CDW, we have investigated the thermodynamic 
properties of the quantum Hall phase in ZrTe5. For this purpose, we have performed 
magnetization (M) measurements across the phase boundary proposed in Ref. 15. Fig. 2a and b 
show the temperature-dependence of magnetization measured at 2T and 50 mT with the field 
applied along the b-axis - configuration in which the 3D QHE is seen. The two investigated 
field values are chosen to cover two regimes:  at 50 mT multiple LLs are occupied and at 2T 
the system is in the quantum limit. In both regimes, we find that the magnetization does not 
show any signatures of the formation of a CDW. Upon cooling, the absolute value of 
magnetization increases up to TL and then starts to slowly reduce. This behavior directly reflects 
the change of the density of states (DOS) at the Fermi level due to the T-induced lowering of 
the band structure with respect to the chemical potential27. In semimetals, the dominating 
magnetic response originates from Landau orbital diamagnetism of the valence bands with a 
small paramagnetic Pauli contribution from the electrons at the Fermi level.29,30 Suppression of 
the DOS reduces the Pauli contribution and, gives rise to a maximum in the diamagnetic 
response at the Lifshitz transition. Measurements of magnetization as a function of temperature 
at B = 0.1T applied along the a and c axis of the crystal confirm this picture (Fig. 2c). 
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Investigation of the magnetization as a function of magnetic field (Fig. 2 d and e) reveals 
pronounced de Haas-van Alphen oscillations on top of a roughly linear background in good 
agreement with the Landau quantization of Dirac fermions.29 The magnetization across the 
entire studied B-T-range evolves smoothly without any signatures of a phase transition.  
Another consequence of the formation of a CDW, is the emergence of a periodic charge 
modulation and in consequence modification of the crystal structure.17 Such modifications can 
be detected by ultrasound23,24 and X-ray diffraction25,26 measurements. We have performed both 
of these experiments on ZrTe5 samples in the 3D quantum Hall regime. Figures 2 f and g show 
the variation of the sound velocity vs/vs of the transverse sound mode (propagation along the 
a-axis and polarization vector along the c-axis) as a function of magnetic field applied along 
the b-axis at 1.6 K. Similarly, to magnetization, vs/vs does not exhibit any anomalies that could 
mark a phase transition. Instead, vs/vs consistently reflects the quantum oscillations seen in 
xx, M and Sxx. As a cross-check, we have performed X-ray diffraction measurements on a ZrTe5 
sample at zero field and in the quantum limit at 2 T at 2K. The results of Q-scans along the b-
direction of the crystal in the vicinity of the (010) Bragg peak with the field aligned the b-axis 
are shown in the inset of Fig. 2 f. Within the measurement error we observe no satellite 
superstructure peaks emerging in magnetic fields, as would be expected from a CDW ground 
state.26  
Having excluded the CDW scenario, the question remains what is the origin of observed 
plateaus in the Hall resistivity at 𝜌𝑥𝑦 = (ℎ/𝑒
2)(𝜋/𝑘𝐹,𝑏)? We propose these signatures to 
originate from a combination of the Dirac nature of electrons in ZrTe5 and material-specific 
disorder properties, providing localized states and determining the ratio of longitudinal to Hall 
resistivities. 
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Ab-initio calculations11 suggest ZrTe5 to be a Dirac semimetal whose low-energy band structure 
at zero field can be modelled using an anisotropic Dirac Hamiltonian:15  
𝐻(𝒌) = 𝑚𝜏3𝜎0 + ℏ(𝑣𝑎𝑘𝑎𝜏1𝜎3 +  𝑣𝑐𝑘𝑐𝜏2𝜎0 +  𝑣𝑏𝑘𝑏 𝜏1𝜎1), (1) 
with 𝜏𝑖 (𝜎𝑖) denoting Pauli matrices acting on the orbital (spin) degree of freedom and kj and vj 
denote the components of the momentum vector k and Fermi velocity in the j-th direction, 
respectively. m accounts for the zero-field-gap. The magnetic field 𝑩 =  rot 𝑨 enters the 
Hamiltonian through the orbital effect which is implemented via the usual substitution: ℏ𝒌 →
ℏ𝒌 + 𝑒𝑨, and the Zeeman effect is introduced via 𝐻𝑍 = −
1
2
𝑔𝜇𝐵𝜏0𝝈 ⋅ 𝑩 Here A is the vector 
potential, 𝑔 is the Landé g-factor and B is the Bohr magneton. 
To verify whether the proposed model can describe the low-temperature physics observed in 
ZrTe5, we compute the four transport coefficients xx, xy Sxx, Sxy, and magnetization 
numerically based on a Kubo formalism and Eq. (1) (Methods) and compare them with the 
same quantities measured (Supplementary Fig. S6 and  Fig. S8 - S12) at low temperatures as a 
function of magnetic field (Fig. 3). The comparison reveals that for an realistic choice of 
scattering time, level broadening and a fixed Fermi level (see Methods), the proposed model 
qualitatively describes the thermoelectric transport coefficients and allows to account well for 
charge transport and magnetization.  In particular, our calculation based on a 3D Dirac fermion 
model reproduce the plateau-like Hall response, especially the quantum limit with the plateau 
height given by 𝜌𝑥𝑦 = (ℎ/𝑒
2)(𝜋/𝑘𝐹,𝑏), while xx remains finite.   
An important ingredient necessary for the observation of the Hall plateau in the quantum 
limit of ZrTe5 is the fixed Fermi level. In 2DESs, dimensionality and disorder cause the pinning 
of the Fermi level, giving rise to the emergence of quantized Hall plateaus. In contrast, normal 
3D metals, such as copper, have a constant electron density to avoid large charging energies31. 
This constraint forces the chemical potential to vary as a function of magnetic field. Neglecting 
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level broadening, a constant electron density implies a smooth zero temperature Hall 
conductivity of σxy = en / B. However, in semimetals like ZrTe5 with their small Fermi surfaces, 
the charging energies remain small even for substantial changes in charge carrier density. This 
is because a variation of the conduction electron density is negligible compared to the total 
density of electrons in the system. In addition, the absorption of the conduction electrons by the 
reservoir provided by the localized states as the field changes allows for changing the number 
of conduction electrons without sacrificing overall charge neutrality. 
To gain further insight into the Hall response of ZrTe5, it is helpful to recall the physics of 3D 
electrons in a magnetic field.  First, consider the simple scenario of a stack of decoupled 2D 
layers each containing free electrons (Fig. 3a)) 𝜈 charge-carrying edge modes and subject to an 
out-of-plane magnetic field (b-axis). The total Hall conductance is in this case given by 𝐺𝑥𝑦 =
𝑣
𝑒2
ℎ
 
𝐿𝑏
𝑎𝑏
 , where 
𝐿𝑏
𝑎𝑏
 is the number of layers (𝐿𝑏 denotes the height of the stack and 𝑎𝑧  the inter-
layer distance). The same result can be obtained in a momentum space picture, in which the 
spectrum of the electronic bulk states is described by one-dimensional Landau bands 𝐸𝑙(𝑘𝑧), 
where 𝑙 is a band index and 𝑘𝑧 is the b-momentum. For decoupled layers the Landau bands are 
flat (Fig.4b). Depending on the position of the Fermi level, a given Landau band is either 
completely filled or empty. More formally, the Fermi momentum in a flat band is either zero or 
spans the entire Brillouin zone,  2𝑘𝐹,𝑏 =
2𝜋
𝑎𝑏
.  Consequently, the Hall conductivity 𝜎𝑥𝑦 =
𝐺𝑥𝑦
𝐿𝑧
 
can be calculated in momentum space by adding the contributions of all occupied Landau 
bands 𝑙 = 1, … , 𝜈 and all occupied momenta 𝑘𝑏. Since each occupied state contributes one 
conductance quantum 
𝑒2
ℎ
, we obtain 𝜎𝑥𝑦 = ∑ ∫
𝑑𝑘𝑏
2𝜋𝑘𝑧 𝑜𝑐𝑐.𝑣 𝑜𝑐𝑐.
𝑒2
ℎ
= 𝑣
2𝑘𝐹,𝑏
2𝜋
𝑒2
ℎ
= 𝑣
1
𝑎𝑏
𝑒2
ℎ
. This 
result naturally agrees with the real space calculation. 
Now let us consider electrons that are allowed to hop between the layers, i.e. the electrons can 
move parallel to the magnetic field. The previously flat Landau level bands become dispersive, 
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containing both the cyclotron energy in the a-c-plane and a kinetic energy along b, 𝐸𝑣(𝑘𝑏) =
ℏω𝑐,𝑏 (𝑣 +
1
2
) +
ℏ2𝑘𝑏
2
2𝑚∗𝑏
, where m*b is the effective mass in the b-direction and  𝜔𝑐,𝑏 =
𝑒𝐵
𝑚𝑐,𝑏
 is the 
cyclotron frequency with the cyclotron mass mc,b in the a-c plane. Fig. 4 c. Because inter-layer 
hopping delocalizes the eigenstates, the Hall conductivity is most conveniently calculated in 
momentum space by summing the contributions of all occupied Landau bands and momenta. 
We find 𝜎𝑥𝑦(𝐵) = ∑ ∫
𝑑𝑘𝑏
2𝜋𝑘𝑏 𝑜𝑐𝑐.
𝑣 𝑜𝑐𝑐.
𝑒2
ℎ
= ∑
2𝑘𝐹,𝑏,𝑣(𝐵)
2𝜋𝑣 𝑜𝑐𝑐.
𝑒2
ℎ
, where 𝑘𝐹,𝑏,𝑣(𝐵) denotes the 
Fermi momentum in the 𝑙-th Landau band. In general, the Fermi momenta depend on the 
magnetic field since the LL bottoms shift due to the cyclotron energy and the Fermi level can 
change with the field. The Fermi momenta 𝑘𝐹,𝑏,𝑣(𝐵) consequently evolve as some non-
universal functions of B, and the Hall conductivity in a generic three-dimensional system does 
not exhibit plateaus-like features. In addition, since the spectrum is gapless one generally 
expects a finite longitudinal resistivity. This suggests that 3D Hall systems can only exhibits 
the hallmarks of the 2D quantum Hall effect, if there exists a mechanism leading to opening a 
bulk a gap.6 
However, Dirac electrons exhibit a fundamentally different Landau band structure than the 
three-dimensional free electron gas discussed above: the spectrum is particle-hole symmetric 
and all Landau bands except for the zeroth Landau bands show an additional two-fold 
degeneracy (excluding Zeeman splitting). In addition, the cyclotron energy in a Dirac semimetal 
for the 𝑣-th Landau band has the form √2𝑒𝐵ℏ𝑣𝑣𝑏𝑣𝑐 and thus vanishes for the non-degenerate 
zeroth Landau bands. In turn, these bands couple to the magnetic field solely via the Zeeman 
effect, which for ZrTe5 happens to be weak compared to the orbital magnetic effect.
32,33 
Consequently, while all other Landau bands rapidly shift away from zero energy as the 
magnetic field increases, the zeroth Landau bands barely moves with field (Fig. 4 e-h). 
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We are now in the position to understand the appearance of quasi-quantized Hall plateaus in 
ZrTe5. The expression for the Hall conductivity of 3D systems in the quantum limit 𝜎𝑥𝑦(𝐵) =
2𝑘𝐹,𝑏,0(𝐵)
2𝜋
𝑒2
ℎ
 suggests that in order to observe plateaus in the Hall resistance it is required that 
𝑘𝐹,𝑏,0(𝐵) remains constant for a range of magnetic fields. In ZrTe5, the zeroth Landau band is 
virtually independent of the field and the number of conduction electrons can be assumed to be 
not perfectly conserved, which leads to a considerably weakened field dependence of the 
chemical potential. Up to fields of the order of the quantum limit, our data is in very good 
agreement with  𝜎𝑥𝑦(𝐵 ≈ 𝐵𝑄𝐿) =
2𝑘𝐹,𝑏,0(𝐵𝑄𝐿)
2𝜋
𝑒2
ℎ
≈
2𝑘𝐹,𝑏,0(𝐵=0)
2𝜋
𝑒2
ℎ
 . This simple argument agrees 
with numerical calculations including the Zeeman effect, which reveal 𝑘𝐹,𝑏,0(𝐵) to only 
decrease very slowly with field. For fields below the quantum limit, also higher Landau bands 
𝑙 ≥ 1 contribute to the Hall conductivity. If the chemical potential is close to one of the Landau 
band minima, the associated van Hove singularities lead to less pronounced plateau-like 
features.  
This scenario provides an explanation of why the Hall conductivity is seemingly quantized in 
units of the zero-field Fermi wave vector. In addition, our model implies the absence of a bulk 
gap, which in turn is expected to lead to a finite longitudinal resistivity whose value depends 
non-universally on disorder scattering. This prediction is in good agreement with experimental 
data. Both our measurements and those reported in the literature for ZrTe5
15 and HfTe5
10,16 in 
the 3D QHE phase manifest finite, albeit small longitudinal resistance significantly differing 
between samples. Despite the finite longitudinal resistivity, the quasi-quantization of 𝜌𝑥𝑦 
remains a robust feature of all the studied samples. This can be simply explained evoking the 
extremely high purity (high mobilities) of the ZrTe5 and HfTe5 samples: disorder scattering is 
such that the Hall conductivity is much larger than the longitudinal conductivity.  
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In summary, we have shown that ZrTe5 in magnetic fields exhibits quasi-quantized plateaus in 
Hall resistivity  𝜌𝑥𝑦(𝐵 ≈ 𝐵𝑄𝐿) ≈
2𝜋
2𝑘𝐹,𝑏,0(𝐵=0)
ℎ
𝑒2
 due to an interplay of its Dirac nature, low 
charge carrier density and disorder effects leading to a weakened dependence of the chemical 
potential and the Fermi wavevector on the magnetic field at the same time resulting in a small 
yet finite longitudinal resistance. Our results confirm that high mobility ZrTe5 samples are 
excellent ‘quantum simulators’ allowing to experimentally test quantitative predictions based 
on the relativistic Dirac Hamiltonian. At the same time our modeling demonstrates that ZrTe5 
although having a genuine 3D Fermi surface lies close enough to the crossover between 2D and 
3D to be considered a limit of tunnel coupled stack of relativistic 2DEG’s. As such it is a prime 
candidate for the observation relativistic chiral surface states18, 19. 
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Methods 
Sample synthesis and preparation 
High-quality single-crystal ZrTe5 was synthesized with high-purity elements (99.9999% 
zirconium and 99.9999% tellurium), and needle-like crystals (about 0.1 × 0.3 × 20 mm3) were 
obtained by the tellurium flux method. The lattice parameters of the crystals were structurally 
confirmed by single crystal X-ray diffraction. Prior to transport measurements Pt contacts were 
sputter deposited on the sample surface to ensure low contact resistance. The contact geometry 
was defined using Al hard masks. Prior to Pt deposition the sample surfaces were Argon etched 
and a 20nm Ti buffer layer was deposited to ensure good adhesion of the contacts. Deposition 
was conducted using the BESTEC UHV sputtering system. This procedure allowed us to 
achieve contact resistance of the order of 1-2 Ohm.  
Sample environment 
The pulsed magnetic field experiments up to 70 T were carried out at the Dresden High 
Magnetic Field Laboratory (HLD) at HZDR, a member of the European Magnetic Field 
Laboratory (EMFL). All transport measurements up to ±9 T were performed in a temperature-
variable cryostat (PPMS Dynacool, Quantum Design), equipped with a dilution refrigerator 
inset and a horizontal rotator. 
 
Electrical and thermoelectric transport Measurements 
To avoid contact-resistance, only four-terminal measurements were carried out. The 
longitudinal xx and Hall resistivity xy were measured in a Hall-bar geometry with standard 
lock-in technique (Zurich instruments MFLI and Stanford Research SR 830), with a frequency 
of f = 1 kHz across a 100 k shunt resistor. In addition, some samples were measured, using 
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the Keithly Delta-mode resistance measurement setup for comparison. In both measurement 
modes the electrical current was always applied along the a-axis of the crystal and never 
exceeded 100 A in order to avoid self-heating. Thermoelectric measurements were performed 
using the same electrical contacts as for electrical transport measurements. In order supply a 
substantial temperature gradient across the sample despite its high thermal conductivity the 
sample was semi suspended with a heater attached to the free hanging end.  In addition, a set of 
two Cernox cx-1060 thermometers were attached to the sample in order to measure the 
temperature gradient. In order to obtain thermoelectric data within the linear response regime 
the applied gradient was kept at less than 10% of the base cryostat temperature. The thermal 
voltage was measured using the Keithly 2182A Nanovoltmeter. In order to avoid the influence 
of parasitic thermal voltages on the cryostat cables a background measurement without applied 
power was carried out both for Seebeck and Nernst measurements at all measured fields and 
temperatures.  
 
Ultrasound propagation measurements 
Ultrasound measurements in pulsed magnetic fields up to 10 Tesla were performed using a 
phase-sensitive pulse-echo technique. Two piezoelectric lithium niobate (LiNbO3) resonance 
transducers were glued to opposite parallel surfaces of the sample to excite and detect acoustic 
waves. The transducer surfaces were polished using a focused Ion beam in order to ensure that 
the transducer attachment surfaces were smooth and parallel. The transverse acoustic waves 
with wave vector k were propagated along the a-axis with the polarization vector along  the c-
axis. Relative sound-velocity changes Δv/v, and sound attenuation Δα, were measured for field 
applied along the b axis. The ultrasound propagation was measured at 313 MHz. 
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Magnetization measurements 
Magnetization measurements were conducted in the standard Quantum Design VSM MPMS 
equipped with a 7 Tesla superconducting magnet. For the measurements the samples were 
attached on quartz sample holders and glued using GE-varnish. In order to avoid parasitic 
contributions in magnetic measurements at small fields where the magnetic response of ZrTe5 
is small the background magnetization of the quartz holder together with the adhesive was 
measured and subtracted from the data. 
 
In-field single crystal X-ray diffraction 
In-field single crystal X-ray diffraction measurements have been performed at the Petra III 
P21.1 beamline at DESY (Hamburg, Germany). Measurements were performed in standard 
cryostat equipped with a 10 Tesla horizontal superconducting magnet. For the measurements 
the sample b-axis was aligned along the field direction, c-axis was in the scattering plane while 
a-axis was vertical. In order to detect new satellite peaks, several reciprocal-space direction 
were scanned both at 0 and 2 Tesla. Namely, we have performed k scans in the low-Q range 
[(0,0,0) – (0,4,0)] and, at high-Q range [(0,12,l) – (0,16,l) with l=0,0.5,0.75,1 and (0,16,l) – 
(0,20,l) for l=0,1] where the x-ray structure factor is expected to be stronger, For background 
free measurements we have used a CdTe Amptek point detector with a combination of Ge-
gradient Si analyzer and 101.7 keV incident energy beam. 
 
Linear response theory – electric and thermoelectric transport 
Electric transport is calculated in linear response via the Kubo formula. The longitudinal and 
Hall conductivities are obtained from the respective current-current correlation functions. The 
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Green’s functions entering these equations contain an imaginary self-energy to account for the 
scattering-induced lifetime of quasiparticles. The thermoelectric conductivity tensor 𝜖̂ is 
obtained from the zero-temperature electrical conductivity tensor ?̂? via integration as 
𝜖̂ = −
1
|𝑒|𝑇
∫ d𝜖
∞
−∞
(𝜖 − 𝜇) (−
𝜕𝑛𝐹(𝜖−𝜇)
𝜕𝜖
) ?̂?(𝑇 = 0, 𝜇 = 𝜖). The thermopower tensor ?̂?, which 
contains the Seebeck and Nernst coefficients, is calculated via ?̂? = ?̂?−1𝜖̂. 
 
Partition function theory - magnetization 
The magnetization m is calculated as the derivative of the free energy F with respect to the 
magnetic field, 𝑚 = −
1
𝑉
𝑑𝐹
𝑑𝐵
, where V is the volume. The free energy is in turn defined via the 
canonical partition sum. 
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 MAIN FIGURES 
 
Figure 1 | Three-dimensional morphology of the Fermi surface and quasi-quantized Hall 
effect in ZrTe5. a, Longitudinal electrical resistivity xx of Sample A and Seebeck coefficient 
Sxx of Sample A as a function of temperature T at zero magnetic field. b, Sketch of the transport 
measurement configurations with respect to the three crystal axes a, b, and c. The electrical 
current I and the temperature gradient T are applied along the a-axis. The corresponding 
longitudinal (Vxx) and Hall (Vxy) voltage responses are measured along the a-axis (Vxx) and 
along c-axis, respectively. c, Sxx as a function of B at 2 K with B applied along the a, d, along 
the b and e, along the c-axis, measured on Sample A. f, Shubnikov-de Haas frequency BF as a 
function of angle ( and ) between B and the b-axis, rotated within the a-b plane and g, within 
the b-c plane of Sample A. The black dots represent the measurement data. The yellow lines 
represent fitting curves of a planar 2D Fermi surface-model to the data. The black lines 
represent fitting curves of an ellipsoidal 3D Fermi surface-model to the data. h, Sketch of the 
experimentally extracted Fermi surface of ZrTe5 along the momentum vectors ka, kb and kc in a, 
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b, and c direction, respectively. i, xx and Hall resistivity xy as a function of B applied along 
the b-axis at 2K, obtained on Sample B. The last Hall plateau scales with the experimentally 
extracted Fermi wave vector kF,,b along B (Supplementary Table 1), the electron charge e and 
the Planck constant h. 
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Figure 2 | Thermodynamics of the quantum Hall phase in ZrTe5. a, Magnetization M as a 
function of temperature T with a 2 T magnetic field B applied along the b-axis of Sample C. b, 
M as a function of T with a 50 mT applied along the b-axis of Sample C. c, M as a function of 
T with a 100 mT applied along the a-axis (black line) and c-axis (dark yellow line) of Sample 
C. d, M as a function of B applied along the b-axis at 2 K. e, de Haas-van Alphen oscillations 
observed in M as a function of B applied along the b-axis at various T on Sample C. f, Sound 
velocity variation vs/vs of the transverse mode (propagation along the a-axis, polarization 
vector along the c-axis) as a function of magnetic field applied along the b-axis at 2 K on Sample 
D. The inset shows the (010)-peak observed in X-Ray diffraction on Sample A at 0 T and 2 T 
at 2 K. g, Quantum oscillations observed in vs/vs of the transverse sound mode on Sample B 
as a function of B applied along the b-axis. None of the investigated thermodynamic quantities 
shows signatures of a Charge-Density-Wave. 
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Figure 3 | Comparison of the experimental and theoretical response of ZrTe5 to magnetic 
fields B. a, Measured and b, calculated magnetization M as a function of B applied along the 
b-axis of Sample E at 2 K. The magnetization plotted in b, is computed numerically from the 
derivative of the free energy. c, Measured and d, calculated longitudinal xx (left axis) and Hall 
resistivity xy (right axis) as a function of B applied along the b-axis of Sample A at 2 K, a 
quantum lifetime 𝜏𝑄 = 0.919 ps and a transport lifetime 𝜏𝑇 = 2.5𝜏𝑄. e, Measured and f, 
calculated Seebeck coefficient Sxx and Nernst coefficient Sxy as a function of B applied along 
the b-axis of Sample A at 2 K. The numerical data in f is calculated for the same parameters as 
the data shown in d. xx and xy in d and Sxx and Sxy in f are computed from linear response 
with a fixed chemical potential using the band structure parameters extracted from the 
experiments. 
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Figure 4 | 3D electrons in magnetic fields. a, Sketch of a stack of non-interacting two-
dimensional electron systems (2DESs) in the quantum Hall state. a, b and c denote the spatial 
directions, B the magnetic field. b Energy (E)-levels as a function of momentum vector kb in b-
direction of a stack of non-interacting 2DESs in a finite magnetic field. EF denotes the Fermi 
level c, Sketch of a stack of interacting 2DESs in the quantum Hall state. d, Formation of three-
dimensional (3D) Landau bands for non-vanishing electron hopping between the layers of a 
2DESs. kF,b labels the Fermi wave vector in the b-direction. e, Sketch of a stack of a 3D electron 
system in the quantum Hall state. f, Dispersion of ZrTe5 around EF. at zero field, g, 1T and, h, 
2 T with the magnetic field applied along the b-axis.  
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S1 Charge-carrier density and mobility from Hall measurements 
From linear fits to the low-field Hall data (Supplementary Fig. S2a and b), we obtain the 
temperature-dependent dominant charge-carrier concentration nhall = (dxy/d|B|·e)-1 and the 
average mobility hall = (xx,0 en)-1  of ZrTe5, using a single-band model.  
 
S2  Mapping of the Fermi surface by analyzing magnetic quantum oscillations 
We mapped the Fermi surface of our ZrTe5 samples by analyzing Shubnikov-de Haas 
oscillations in the temperature (T)-dependent longitudinal magneto-electrical resistivity 
xx(B).1 In these measurements, the electrical current is applied along the a-axis with the 
magnetic field set along the a, b, and c axis of the crystals. The results of our analysis are 
summarized in Supplementary Table S1. For all directions, we observe a single frequency BF,i, 
as shown in Fig. 1 and Supplementary Figs. S3, S4, S5 and with i being the direction of applied 
magnetic field. The Landau level index v is related to the Fermi surface as 2(v + γ) = BF, j/B, 
where the phase shift γ is approximately zero for all samples. From the slope of linear fits in 
Landau-index fan diagrams, we extract BF, j and use the Onsager relation BF, j = (ℏ/2e)SF, j to 
extract the Fermi surface cross-section SF,j. Here, ℏ is the reduced Planck constant and e is the 
electron charge. Under the assumption of an ellipsoidal Fermi surface, the Fermi wave vectors 
are then given by kF,a = √𝑺𝐅,𝒃𝑺𝐅,𝐜/√𝛑𝑺𝐅,𝒂, kF,b = √𝑺𝐅,𝒂𝑺𝐅,𝒄/𝒃 and kF,c = √𝑺𝐅,𝒂𝑺𝐅,𝒃/√𝛑𝑺𝐅,𝒄 . 
The kF, j relate then directly to the Fermi wave length F, j = 2/kF,j.  
The resistance amplitude of the maxima in the Shubnikov-de Haas oscillations in the oscillatory 
part of the longitudinal electrical resistivity xx(B) is proportional to 
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(B)/sinh[(B)]·exp(c/B)  with the cyclotron frequency c,j =
𝑒 |𝑩|
𝑚𝑐,𝒋
 and (B) = 
2π2𝑘B𝑇𝑚c
ħe|𝑩|
, 
where mc, j is the cyclotron mass. Hence, when plotting (B)/sinh[(B)] against 1/B, the carrier 
lifetime  can be extracted from the slope of the logarithmic (Supplementary Fig. S7c-e). 
xx(B) is obtained from subtracting the smooth background from the measurement data using 
a 2nd order polynomial. The corresponding effective mass can be extracted from fitting the T-
dependence to (B)/sinh[(B)] (Supplementary Fig. S7f-h). Assuming that the massive Dirac 
band exhibits a linear dispersion at low energies, we finally can obtain the effective masses m* 
from the cyclotron masses in the x, y and z direction: mc,a = √𝑚𝑏
∗ 𝑚𝑐∗, mc,c = √𝑚𝑎∗ 𝑚𝑏
∗   and mc,b 
= √𝑚𝑎∗ 𝑚𝑐∗, respectively. The Fermi velocities vF,j can be further obtained with vF, j m
*
 j = ℏ kF, j. 
Eventually, the average Fermi energy can be estimated using EF = (vF,a
2 ℏ2kF,a2 + vF,b2 ℏ2kF,b2  + 
vF,c
2 ℏ2kF,c2)0.5 . For sample A we obtain EF = (12 ± 3) meV, where the deviation is obtained 
from the error of the fits in kF,i and vF,i. 
 
S3 Calculation of the Hall conductivity tensor element 
We calculate the Hall conductivity tensor element xy using xy = xy/(xx2+xy2), assuming that 
xx = yy. However, in general xy = xy/(xx yy +xy2) with a magnetic field in b-direction. Due 
to the geometry of the ZrTe5 crystals (elongated needles) and its mechanical fragility, 
performing reliable measurements of yy on our samples is not possible.  Instead, we estimate 
the error of the xy using the ratio of Drude resistivities yy/xx = (nace2a/𝒎𝒂
∗ )/ (nace
2c/𝒎𝒄
∗) 
estimated from the quantum lifetimes and effective masses obtained from Shubnikov-de Haas 
oscillations on sample A, given in Supplementary Table S1. nac is the charge-carrier 
concentration in the x-y-plane. Based on this analysis we find yy/xx ≈ 0.8, which results in an 
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error of 1 % between the theoretical xy and xy at the Hall plateaus, owing to xx (B) < xy (B). 
This error lays well within the estimated error of kF,b of 10 %.  
 
S4 Non-linear electrical transport in multilayer quantum Hall systems 
In Ref.1 non-Ohmic transport behavior has been observed in the quantum Hall state, interpreted 
as evidence for the existence of a magnetic field-induced charge density wave (CDW). Indeed, 
one expects a non-Ohmic behavior arising from a sliding CDW state when the applied bias 
voltage or current reaches its depinning threshold. However, non-Ohmic transport is also seen 
in multilayer quantum Hall systems without a charge density wave2 - or more general, without 
a sliding of the 2DEG lattice. Instead, the non-Ohmic current–voltage characteristics is caused 
by a crossover from surface transport to bulk transport upon reaching a certain threshold 
voltage: At low voltages, the current flows through the surface of the sample only, but at high 
voltages also through its bulk when localization gaps are overcome. Hence, a non-Ohmic 
transport characteristics does not necessarily provide evidence for a CDW state in a quantum 
Hall system. 
 
S5 Derivative relations between electrical and thermoelectrical quantum 
transport coefficients in ZrTe5 
For a wide range of conditions, high mobility two-dimensional quantum Hall systems have been 
observed to display the empirical electrical3–6 and thermoelectrical7 derivative relations 
 
xx = r B dxy/dB,  (S1) 
 
and 
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Sxy = s B dSxx/dB, (S2) 
 
where B is the magnetic field, xx and xy are the longitudinal and Hall component of the 
resistivity tensor, respectively, and Sxy and Sxx are the Nerst and the Seebeck coefficient, 
respectively. r and s are sample-dependent constants, found to be in the range of 0.01 – 0.05 
and approximately equal to each other. They provide a measure of the local electron 
concentration fluctuations,8–10 determining the dissipation in the quantum Hall system.  
To test these relations for the 3D Hall effect in ZrTe5, we have plotted both the measured and 
calculated (Eq. 1) xx for Sample A (Supplementary Fig. 14 a) and Sample B (Supplementary 
Fig. 14 b) as well as the measured and calculated (Eq. 2) Sxy for Sample A (Supplementary Fig. 
14 c) and Sample B (Supplementary Fig. 14 d). We find that the measured and calculated 
quantities show maxima and minima at the same magnetic field positions. In particular, the 
derivative relations are well fulfilled with r = 0.04 and s = 0.01 for Sample A and r = 0.03 
and s = 0.01 for Sample B, which is in the expected range reported for two-dimensional 
quantum Hall systems. These results indicate that the plateaus observed in xy of ZrTe5, are 
indeed related to quantum Hall physics. 
 
 
 
 
 
 
S5 Theory of the quasi-quantized Hall effect in ZrTe5 
S5.1 Effective Dirac model and Landau bands 
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To account for the difference between our simple model in Eq. (3) and the microscopic material 
band structure, we determine our model parameters from fits of the electrical resistivities, 
finding the parameters reported in Supplementary Table S2. The fitted velocities are of the same 
order as the ones determined in quantum oscillations, the g-factor and effective mass m are 
similar to values reported in the literature. 
In a finite magnetic field, the Hamiltonian can be block-diagonalized in terms of Landau bands 
labelled by an index 𝑙. The (2x2)-Hamiltonian describing the zeroth Landau bands is 
𝐻𝐿𝐿(0, 𝑘𝑧) = ℏ𝑣𝑏𝑘𝑧σ1 + (𝑚 +
1
2
𝑔𝜇𝐵𝐵) σ3 , 
(S3) 
where 𝑣𝑧 = 𝑣𝑏 is the Fermi velocity in 𝑏-direction. We refer to its eigenvalues as 𝐸𝜂,0,𝑘𝑧 and to 
its eigenvectors as 𝒖𝜂,0,𝑘𝑧 = (𝑢𝜂,0,𝑘𝑧
(2)
, 𝑢𝜂,0,𝑘𝑧
(3)
)
𝑇
with the sub-band index 𝜂 = 1,2. Landau bands 
with 𝑙 = 1,2, … follow from the (4x4)-Hamiltonian 
𝐻𝐿𝐿(𝑙, 𝑘𝑧) = 𝑚τ3σ0 + ℏ(Ω𝑐(𝑙)τ1σ3 +  𝑣𝑏𝑘𝑧τ1σ1) −
1
2
𝑔μ𝐵𝐵τ0σ3 , 
(S4) 
where Ω𝑐(𝑙) = √2𝑒𝐵𝑣𝑎𝑣𝑐𝑙/ℏ can be understood as a “Dirac cyclotron frequency” (𝑣𝑥 = 𝑣𝑎 
and 𝑣𝑦 = 𝑣𝑐 are Fermi velocities in 𝑎 and 𝑐 direction, respectively). Each Landau band index 
𝑙 ≥ 1 is associated with four subbands 𝜂 = 1, 2, 3, 4. The corresponding eigenstates with 
energy 𝐸𝜂,𝑙,𝑘𝑧 are 𝒖𝜂,𝑙,𝑘𝑧 = (𝑢𝜂,𝑙,𝑘𝑧
(1)
, 𝑢𝜂,𝑙,𝑘𝑧
(2)
, 𝑢𝜂,𝑙,𝑘𝑧
(3)
, 𝑢𝜂,𝑙,𝑘𝑧
(4)
)
𝑇
.  
 
 
S5.2 Impurity-scattering-induced Landau level broadening 
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Bulk transport is strongly influenced by disorder scattering. We model the effect of disorder by 
the introduction of an imaginary self-energy (lifetime) for the electrons. The retarded Green’s 
function for an electronic state with energy 𝐸𝜂,𝑙,𝑘𝑧 takes the form 𝐺η,l,𝑘𝑧
𝑅 (ϵ) = (ϵ − 𝐸η,l,kz +
𝑖 ΣQ)
−1
, where ΣQ = ℏ/(2τ𝑄) is the self-energy and τ𝑄 is the corresponding quantum lifetime. 
Transport typically involves a second time scale, namely the transport lifetime 𝜏𝑇 ≫ 𝜏𝑄. We 
incorporate these lifetimes following Coleridge et al..11 In the simplest approximation, the 
transport lifetime leads to a rescaling of 𝜎𝑥𝑥 while leaving 𝜎𝑥𝑦 invariant.
10  If the energy level 
broadenings Σ𝑄 and Σ𝑇 = ℏ/(2𝜏𝑇) that correspond to the lifetimes 𝜏𝑄 and 𝜏𝑇, respectively, 
both are small compared to the Landau level splitting, then the rescaling factor for the 
longitudinal conductivity is given by 𝛾 =
𝜏𝑄
𝜏𝑇
≪ 1. 
S5.3 Comparison to case of fixed conduction electron density 
To illustrate that the existence of plateaus in Hall resistivity implies the conduction electron 
density to be not perfectly conserved, we also study the case of fixed electron density 𝑛 =
𝑒𝐵
ℎ
∫ dϵ ∫
d𝑘𝑧
2π
∑ sgn(ϵ)𝑛𝐹(|ϵ| − sgn(ϵ)𝐸𝐹(𝐵))𝜌η,𝑙,𝑘𝑧(ϵ)η,l
∞
−∞
∞
−∞
 by self-consistently adjusting the 
Fermi level, i.e. chemical potential, 𝐸𝐹 = 𝐸𝐹(𝐵) as a function of magnetic field. Here, 𝑛𝐹(ϵ) is 
the Fermi-Dirac distribution and 𝜌η,l,𝑘𝑧(ϵ) =  −𝜋
−1Im{𝐺𝜂,𝑙,𝑘𝑧}  denotes the electronic density 
of states. As shown in Supplementary Fig. S15, large level broadenings tend to reduce the value 
of the chemical potential and to smoothen out its dependence on the magnetic field. 
As shown in Supplementary Fig. S16, while there are small remnants of the Hall plateaus at 
fields below the quantum regime, no clear Hall plateau is observed at the quantum limit, and 
the Hall conductivity mostly scales as 𝐵−1.  
S5.4 Kubo formalism approach for electrical transport 
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The electrical conductivities σ𝑖𝑗 are calculated following Endo et al.
10 in a Kubo-approach. The 
components of the conductivity tensor are given by: 
𝜎𝑖𝑖 = 𝑣𝑖
2|𝑒|3𝐵 ∫ dϵ ∫
d𝑘𝑧
2π
∑𝐴𝜂,𝜉;𝑙,𝑘𝑧
2 (−
𝜕𝑛𝐹(𝜖 − 𝐸𝐹)
𝜕𝜖
) 𝜌𝜂,𝑙,𝑘𝑧(ϵ)ρ𝜉,𝑙+1,𝑘𝑧(ϵ)
𝜂,𝜉,𝑙
∞
−∞
∞
−∞
, 
(S5) 
𝜎𝑥𝑦 = −
𝑣𝑎𝑣𝑐|𝑒|
3𝐵
𝜋
∫ d𝜖
∞
−∞
∫
d𝑘𝑧
2𝜋
∞
−∞
∑ 𝐴𝜂,𝜉;𝑙,𝑘𝑧
2 𝑛𝐹(𝜖 − 𝐸𝐹)
𝜂,𝜉,𝑙
× (𝜌𝜉,𝑙+1,𝑘𝑧(𝜖) Re {
𝜕𝐺𝜂,𝑙,𝑘𝑧
𝑅 (𝜖)
𝜕𝜖
} − 𝜌𝜂,𝑙,𝑘𝑧(𝜖) Re {
𝜕𝐺𝜉,𝑙+1,𝑘𝑧
𝑅 (𝜖)
𝜕𝜖
}) , 
(S6) 
where 𝐴𝜂,𝜉;𝑙,𝑘𝑧 = 𝑢𝜂,𝑙,𝑘𝑧
(3)
𝑢𝜉,𝑙+1,𝑘𝑧
(1)
− 𝑢𝜂,𝑙,𝑘𝑧
(2)
𝑢𝜉,𝑙+1,𝑘𝑧
(4)
 is the transition amplitude between the states 
with energies 𝐸𝜂,𝑙,𝑘𝑧 and 𝐸𝜉,𝑙+1,𝑘𝑧 with the sub-band indices 𝜂, 𝜉 = 1, 2, 3, 4.  
S5.5 Magnetization 
The magnetization 𝑀 = −
1
𝑉
𝑑𝐹
𝑑𝐵
, defined as the derivative of the free energy with respect to the 
magnetic field, takes the form 
𝑀 =
𝑒
2𝜋ℏ
∫
d𝑘𝑧
2𝜋
∞
−∞
∑ (
1
𝛽
ln(1 + 𝑒−𝛽(𝐸η,l,k𝑧−𝐸𝐹)) − 𝑛𝐹(𝐸η,l,k𝑧 − 𝐸𝐹) 𝐵 
𝜕𝐸η,l,k𝑧
𝜕𝐵
 )
𝜂,𝑙
, 
(S7) 
with 𝛽 =
1
𝑘𝐵𝑇
 being the inverse temperature. Since our low-energy model only contains the 
states close to the Dirac node and not the valence bands, we add a contribution 𝑀𝑉𝐵 linearly 
increasing with magnetic field to account for the magnetization of the valence bands. We find 
the best fit to the experimental data for 𝑀𝑡𝑜𝑡 = 𝑀 + 𝑀𝑉𝐵 with 𝑀 = −22 ∗ 10
−9 𝐵
𝐽
𝑇2𝑚3
 . 
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Supplementary Fig. S1. Longitudinal resistivity xx (left axis, dark blue) and Seebeck 
coefficient (right axis, green) of ZrTe5 sample B as a function of temperature T at zero 
magnetic field.  
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Supplementary Fig. S2. Charge-carrier concentration nhall and Hall mobility hall of 
sample A and B at 2 K. a, Linear fits (red line) of the Hall resistivity data (black curve) at low 
magnetic fields (fit range ±0.5 T) of sample A and b, of sample B. The charge-carrier 
concentration nhall = (dxy/d|B|·e)-1 is extracted from the slope of the linear fits dxy/d|B|. Here, 
e is the electron charge. Subsequently, the Hall mobility hall = (xx,0·e·n)-1 is calculated, using 
the longitudinal electrical resistivity values at zero field xx,0 from Fig. 1a and Supplementary 
Fig. S1. 
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Supplementary Fig. S3. Rotation angle-dependence of quantum oscillations of Sample A. 
a, The Seebeck coefficient Sxx versus magnetic field B for various rotation angles of B in the b-
a plane and b, Sxx in the b-c plane at 2 K. c, Corresponding Landau-level fan diagram for various 
rotation angles of B in the b-a plane and d, in the b-c plane. The points in the fan diagrams are 
the position of the minima (integer Landau index v) and maxima (half-integer v) of Sxx in versus 
B plotted in Supplementary Fig. S3a and b. 
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Supplementary Fig. S4. Angular dependence of the Shubnikov-de Haas oscillations of 
Sample B. a, The longitudinal electrical resistivity xx versus magnetic field B for various 
rotation angles of B in the b-a plane and b, xx in the b-c plane at 2 K. c, Corresponding Landau-
level fan diagram for various rotation angles of B in the b-a plane and d, in the b-c plane. The 
dots in the fan diagrams are the position of the minima (integer Landau index v) and maxima 
(half-integer v) of xx in versus B plotted in Supplementary Fig. 3a and b. The lines are linear 
fits, which slope is the Shubnikov-de Haas frequency BF. e, BF as a function of the angle between 
B and the b-axis, rotated within the a-b plane and f, within the b-c plane. 
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Supplementary Fig. S5. Analysis of quantum oscillations in the thermodynamic properties 
of Sample C, D and E for the magnetic field B applied along the b-axis of the crystals at 2 
K.  a, Magnetization M of Sample C as a function of B. b, Sound velocity variation vs/vs of 
the transverse mode (propagation along the a-axis, polarization vector in the a-c plane) of 
Sample D as a function of B. a, Magnetization M of Sample E as a function of B. d, Oscillatory 
part of the magnetization M as a function of inverse magnetic field B-1, obtained by subtracting 
the linear background from the data shown in Supplementary Fig. S5 a. e, vs/vs as a function 
of B-1. f, M as a function of B-1, obtained by subtracting the linear background from the data 
shown in Supplementary Fig. S5 c. g, Corresponding Landau-level fan diagram of Sample C; 
h, Sample D; and i, Sample E. The points in the fan diagrams are the position of the minima 
(integer Landau index v) and maxima (half-integer v) the corresponding data plotted in 
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Supplementary Fig. S5 d-f. The red lines are linear fits, which slope is the Shubnikov-de Haas 
frequency given in Supplementary Table S1. 
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Supplementary Fig. S6. Temperature (T)-dependence of the longitudinal electrical 
resistivity xx and the Hall resistivity xy of Sample B. a, xx and b, xy as a function of 
magnetic field B for various T below 30 K with B applied along the b-axis. c, xx and d, xy as 
a function of B for various temperatures between 30 and 200 K with B applied along the b-axis. 
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Supplementary Fig. S7. Determination of the mobility and cyclotron mass of Sample B. a, 
Longitudinal electrical resistivity xx as a function of magnetic field B for various temperatures 
T ≥ 30 K with B applied along the a-axis of the crystal and b, along the c-axis of the crystal. c, 
Dingle plots of xx|B|sinh[(T)] versus B-1 with (B) = 
2π2𝑘B𝑇𝑚c
ħe𝑩
 at 2 K with B applied along 
the a-axis of the crystal, d, the b-axis of the crystal and e, along the a-axis of the crystal. The 
lines are linear fits to the measurement data to obtain the Dingle temperature, as explained in 
the Supplementary Information section S2. f, The cyclotron masses mc for B applied along a, g, 
along b and h, along the c-axis of the crystals obtained from fits (red lines) to xx/xx,0, where 
xx,0 is the extrapolated oscillatory part of the longitudinal electrical resistivity xx at zero 
Kelvin. xx is obtained by subtracting a second order polynomial background from the 
measurement data.  xx for each principal direction is taken at the magnetic field of the lowest 
accessible Landau level. 
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Supplementary Fig. S8. Temperature (T)-dependence of the Seebeck coefficient Sxx and 
the Nernst coefficient Nxy of Sample A. a, Sxx and b, Sxy as a function of magnetic field B for 
various T below 43 K with B applied along the b-axis. c, Sxx and d, Sxy as a function of B for 
various temperatures between 51 and 200 K with B applied along the b-axis. 
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Supplementary Fig. S9. Magneto-transport data of Sample A across the full magnetic field 
(B)-range investigated at 2 K with B applied along the b-axis. a, Longitudinal electrical 
resistivity xx, b, Hall resistivity xy, c, Seebeck coefficient Sxx and d, Nernst coefficient Sxy as 
a function of B. The plateau observed in xy scales with (h/e2) /kF,b, with the Planck constant 
h, the electron charge e, and the Fermi wave vector along the b-axis of the crystal kF,b. 
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Supplementary Fig. S10. Magneto-transport data of Sample A from -2 T to 2 T at 2 K 
with the magnetic field B applied along the b-axis. a, Longitudinal electrical resistivity xx, 
b, Hall resistivity xy, c, Seebeck coefficient Sxx and d, Nernst coefficient Sxy as a function of 
B. The plateau observed in xy scales with (h/e2) /kF,b, with the Planck constant h, the electron 
charge e, and the Fermi wave vector along the b-axis of the crystal kF,b. 
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Supplementary Fig. S11. Magneto-transport data of Sample B across the full magnetic 
field (B)-range investigated at 2 K with B applied along the b-axis. a, Longitudinal electrical 
resistivity xx, b, Hall resistivity xy, c, Seebeck coefficient Sxx and d, Nernst coefficient Sxy as 
a function of B. The plateau observed in xy scales with (h/e2) /kF,b, with the Planck constant 
h, the electron charge e, and the Fermi wave vector along the b-axis of the crystal kF,b. 
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Supplementary Fig. S12. Magneto-transport data of Sample B from -2 T to 2 T at 2 K 
with the magnetic field B applied along the b-axis. a, Longitudinal electrical resistivity xx, 
b, Hall resistivity xy, c, Seebeck coefficient Sxx and d, Nernst coefficient Sxy as a function of 
B. The plateau observed in xy scales with (h/e2) /kF,b, with the Planck constant h, the electron 
charge e, and the Fermi wave vector along the b-axis of the crystal kF,b. 
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Supplementary Fig. S13. High-field magneto-transport on Sample F. a, Longitudinal 
electrical resistivity xx at 2 K as a function of magnetic field B applied along the b-axis of the 
crystal up to ±70 T; b, up to ±20 T; and c, up to ±2 T. d, Oscillatory part of the llongitudinal 
electrical resistivity xx as a function of B-1. e, Corresponding Landau-level fan diagram. The 
points in the fan diagram are the position of the minima (integer Landau index v) and maxima 
(half-integer v) of xx versus B plotted in Supplementary Fig. S13d. 
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Supplementary Fig. S14. Derivative relations between electrical and thermoelectrical 
quantum transport coefficients of Sample A and B. a, Measured (blue line) and calculated 
(red line) longitudinal electrical resistivity xx at 2 K as a function of magnetic field B applied 
along the b-axis of the crystal of Sample A. The calculated xx is obtained from the empirical 
relation xx = ·B·dxy/dB from xy plotted in Supplementary Fig. S9 b. b, Measured (blue line) 
and calculated (red line) xx at 2 K as a function of B applied along the b-axis of the crystal of 
Sample B. The calculated xx is obtained from the empirical relation xx = r·B·dxy/dB from xy 
plotted in Supplementary Fig. S11 b. c, Measured (dark grey line) and calculated (green line) 
Nernst coefficient Sxy at 2 K as a function of B applied along the b-axis of the crystal of Sample 
A. The calculated Sxy is obtained from the empirical relation Sxy = s·B·dSxx/dB from Sxx plotted 
in Supplementary Fig. S9 c. d, Measured (dark grey line) and calculated (green line) Nernst 
coefficient Sxy at 2 K as a function of B applied along the b-axis of the crystal of Sample A. The 
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calculated Sxy is obtained from the empirical relation Sxy = ·B·dSxx/dB from Sxx plotted in 
Supplementary Fig. S11 c. r and s are scaling factors of the order of 0.01. 
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Supplementary Fig. S15. Fermi level, i.e. chemical potential, EF as a function of magnetic 
field B for different quantum life-times (level broadenings) Q for Sample A. a, At zero 
temperature and without impurity scattering (τQ → ∞) the EF fluctuates around the zero field 
value (dotted line) at small fields and develops pronounced kinks close to the quantum limit, at 
which Landau band minima pass the chemical potential. Finite temperature (𝑇 = 2 K) and level 
width: b,  𝜏Q = 3.064 ps and c, 𝜏Q = 0.919 ps smooth the curve and result in an overall 
decrease of the EF. 
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Supplementary Fig. S16. Theoretical longitudinal conductivity xx and Hall conductivity 
xy as a function of magnetic field B applied in the b-direction for fixed particle density n 
and different quantum life times (level broadenings) Q for Sample A in comparison to the 
experimental conductivities. a, xx and b, xy for large level broadening (𝜏Q = 3.064 ps).  c, 
xx and d, xy for smaller level broadening (𝜏Q = 0.919 ps). Due to the different scattering 
times, we have rescaled the numerical longitudinal conductivities with a factor of γ = 1 / 2.5. 
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Supplementary Tables 
Sample Magnetic 
field’s 
direction 
SdH 
frequency 
 
Fermi 
area 
Fermi 
wave 
vector 
Fermi 
wave 
length 
Cyclotron 
mass 
Effective 
mass 
Fermi 
velocity 
Dingle 
temperature 
Lifetime 
  BF  
(T) 
SF  
(10-4 
Å-2) 
k F  
(10-3 
Å-1) 
 F   
(nm) 
mc  
(m0) 
m*  
(m0) 
vF  
(105 
m/s) 
TD 
 (K) 
 
 (ps) 
 
 
B || a 16.7 
± 0.5 
15.9 
± 0.5 
4.8 
± 0.6 
130.9 
± 15.1 
- - - - - 
A B || b 1.1 
± 0.1 
0.9 
± 0.1 
77.8 
± 7.9 
8.1 
± 0.3 
- - - - - 
 B || c 12.3 
± 0.3 
11.7 
± 0.3 
6.8 
± 8.9 
96.5 
± 13.8 
- - - - - 
 B || a 15.2  
± 0.3 
15.2  
± 0.3 
5.3 
± 1.1 
108.1 
± 21.1 
0.68 
± 0.02 
0.021 
± 0.001 
3.1 
± 0.8 
0.32 
± 0.03 
0.20 
± 0.02 
B B || b 1.2  
± 0.2 
1.2  
± 0.2 
72.9  
± 7.5 
8.6 
± 0.9 
0.04 
± 0.01 
6.078 
± 0.685 
0.1 
± 0.03 
1.43 
± 0.13 
0.91 
± 0.1 
 B || c 13.9  
± 0.3 
13.9  
± 0.3 
6.5 
± 1.3 
94.4 
± 17.2 
0.36 
± 0.08 
0.075 
± 0.001 
1.0 
± 0.2 
1.85 
± 0.54 
0.66 
± 0.2 
C B || b 1.2 
± 0.1 
1.1 
± 0.1 
- - - - - - - 
D B || b 1.2  
± 0.2 
1.2  
± 0.2 
- - - - - - - 
E B || b 1.1 
± 0.2 
1.0 
± 0.2 
- - - - - - - 
F B || b 1.2 
± 0.2 
1.1 
± 0.2 
- - - - - - - 
 
Supplementary Table S1. Band-structure parameters of ZrTe5 Sample A, B, C, D, E and 
F, obtained from Shubnikov-de Haas oscillations. The variations denote the errors from the 
fits and from error propagation as explained in the Supplementary Information and the main 
text. 
  
 
53 
 
Sample Crystalline 
direction 
Fermi 
velocity  
Zero 
field 
band gap 
g-
factor 
Fermi 
wave 
vector 
  vF  
(105 m/s) 
𝑚  
(meV) 
𝑔 
 (1) 
k F  
(10-3 Å-
1) 
 
 
a 1.16292 - - - 
A b 3.48875 10 10 7.8 
 c 1.5340 - - - 
 
Supplementary Table S2. Theoretical parameters for Sample A. 
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